Introduction {#S0001}
============

Prostate cancer (PCa) is the second most commonly diagnosed cancer and the second leading cause of cancer mortality in men[.^1^](#CIT0001) Patients with localized PCa are mostly treated with surgery or radiotherapy. Since prostate cancer is typically hormone-dependent the main therapy for patients with locally advanced and metastatic disease is androgen-deprivation therapy.^[1](#CIT0001)-[3](#CIT0003)^ This treatment can provide remission for a few years, but subsequently disease often progresses to castrate-resistant prostate cancer (CRPC). While various treatment options for CRPC are available and demonstrated significant improvement in overall survival, metastatic PCa is associated with poorer prognosis and remains incurable,^[4](#CIT0004),[5](#CIT0005)^ emphasizing the need in developing novel treatment strategies.

Targeting the immune system to elicit an anti-tumor response and eradicate tumor cells represents a promising strategy for the development of anti-cancer treatments. Sipuleucel-T, an autologous vaccine is the first therapeutic cancer vaccine and currently the only FDA-approved immune therapy for PCa[.^6^](#CIT0006) Yet, in comparison with other cancer types, immunotherapy approaches in prostate cancer resulted in a high degree of failure and still remain a challenge in the immunotherapy field.^[4](#CIT0004),[7](#CIT0007),[8](#CIT0008)^

Immunotherapy based on adoptive cell therapy (ACT) of TIL has proven to be highly effective in patients with metastatic melanoma. Others and we could show that TIL therapy yields response rates of around 40% with durable complete response rates of 10% to 20% in metastatic melanoma patients.^[9](#CIT0009)-[14](#CIT0014)^ In addition, we recently reported the pre-clinical production and evaluation of TIL for adoptive cell therapy in lung cancer patients to support the implementation of TIL ACT for these patients[.^15^](#CIT0015)

Ex vivo TIL production requires several steps which start with the processing of surgically resected tumor tissue and continues with the expansion of lymphocytes in interleukin (IL) −2 containing medium for 2 to 4 weeks to establish a TIL culture ("pre-REP"). In the next step, TIL are massively expanded for 14 days to large numbers using a Rapid Expansion Procedure (REP) with anti-CD3 antibody, IL-2, and irradiated feeder cells. On day 14 of REP, TIL are washed and prepared for infusion.

The PCa microenvironment, considered to be mostly immunosuppressive, may contribute to the limited success of immunotherapy-based trials in PCa patients so far. The high heterogeneity of the tumor composition adds one more level of complexity.^[16](#CIT0016),[17](#CIT0017)^ In the late stage of the disease, alterations in DNA damage repair mechanisms further increase genomic instability and mutational divergence in patients[.^17^](#CIT0017) Although prostate cancer accounts for a cancer with relative low mutation rate (\~0.9 mutations/Mb)^[18](#CIT0018),[19](#CIT0019)^ several studies have shown that even cancers with lower mutational load can be targeted by T cells directed against mutation-derived neo-antigens[.^20^](#CIT0020) The high heterogeneity of PCa and the existence of patient-specific tumor mutations provide the rational in developing personalized immunotherapies that target specific tumor neo-antigens of each patient. Design of personalized treatments, such as neo-antigen vaccines or T cell therapy, are likely to have a clinical benefit in PCa patients.

Using mainly immunohistochemistry, only a few studies reported the existence of prostate-infiltrating immune cells in normal and tumor tissues until today.^[21](#CIT0021)-[24](#CIT0024)^ These studies proposed that prostate cancer-derived TIL are nonfunctional and refractory to stimulation.^[24](#CIT0024)-[26](#CIT0026)^ However, isolation and expansion of TIL cultures from PCa patients ("prostate-TIL") and the analysis of functionality and anti-tumor reactivity of the expanded TIL have not been investigated yet.

In the current study, we isolated and expanded TIL from patients diagnosed with prostate adenocarcinoma under Good Manufacturing Practice (GMP) conditions with clinically compliant reagents. TIL were phenotypically characterized and functionality was assessed. TIL were further exposed to their counterpart autologous tumor lines to examine anti-tumor reactivity.

Material and methods {#S0002}
====================

Patients and patient-derived tissues {#S0002-S2001}
------------------------------------

Eight prostatic cancer patients with high tumor burden (\>15 mm^3^) undergoing radical prostatectomy were included to the study. The fresh tissue was cut in the middle and samples were taken from carcinoma suspected areas according to Wheeler and Lebovitz with a punch biopsy instrument[.^27^](#CIT0027) In seven more patients, fresh tumor tissue was collected from transrectal ultrasound--guided prostate (TRUS-Bx) biopsies. The fresh tissue samples were transferred to a GMP facility for processing.

Generation and expansion of TIL culture {#S0002-S2002}
---------------------------------------

Prostate punches and TRUS-Bx biopsies were cut into multiple fragments of about 0.5--1 mm^3^ of size. Each fragment was placed into one well of a 24-well plate with 2 ml complete medium (CM) comprised of RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA) containing 10% heat-inactivated human serum (Valley Biomedical, Winchester, VA or Gemini Bio, West Sacramento, CA), 25 mmol/l HEPES pH 7.2 (Gibco), 50 μg/ml gentamycin (Gentamicin IKA, Teva, Israel), 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco) and supplemented with 3,000 IU/ml recombinant human IL-2 (Proleukin, Novartis Pharma, Germany). Prostate-TIL were allowed to extravasate from the fragments. Half of the media was replaced every 2 to 3 days. Following the establishment of TIL cultures, a standard 14-days Rapid Expansion Procedure (REP) was initiated by stimulating prostate-TIL with 30 ng/ml anti-CD3 antibody MACS GMP CD3 pure (clone OKT-3; Miltenyi Biotech, Germany), 3,000 IU/ml IL-2, and irradiated peripheral blood mononuclear cells from non-related donors as feeder cells (5000 rad, 100:1 ratio between feeder cells and TIL) in 50% CM, 50% AIM-V medium (Invitrogen, Thermo Fisher Scientific, Waltham, MA) (for details see Besser MJ^[28](#CIT0028)^; Itzhaki O^[29](#CIT0029)^). REP was performed in T25 flasks or 24-well plates.

Isolation and establishment of primary prostate cancer cultures {#S0002-S2003}
---------------------------------------------------------------

Primary prostate cancer cultures were initiated as described for TIL culture. Whenever adherent monolayer of epithelial-shaped cells propagated from the fragments, cells were re-suspended in Keratinocyte-SFM Medium Kit containing L-glutamine (Cat \#17005042, Gibco), and supplemented with bovine pituitary extract (BPE) 25 μg/ml and human epithelial growth factor (EGF) 10 ng/ml and transferred to 6-well culture plates coated with collagen I, Rat Tail (Thermo Scientific \#A1142801) or poly-D lysine (Corning \#356413).

Flow cytometry {#S0002-S2004}
--------------

Prostate-TIL cultures were stained using mouse anti-human antibodies against the following membrane molecules: CD3 (VioBlue; Miltenyi Biotech), CD4 (FITC; BioLegend), CD8 (PE-Cy7; BioLegend), CD137 (APC; clone: 4B4-1; BioLegend), CD134 (FITC; clone: Ber-ACT35; BioLegend), PD-1 (FITC; clone: EH12.2H7; BioLegend), TIM-3 (PE; R&D), CD25 (APC; eBioscience), CD28 (APC; eBioscience), LAG-3 (Per-CP-Vio770; Miltenyi Biotech), CD45RA (APC-Vio770; Miltenyi Biotech) CCR7 (FITC; BioLegend), CCR2 (APC; Biolegend), CCR4 (PE; Biolegend), CCR5 (alexa488; Biolegend), CCR7 (PerCP, Biolegend), CXCR2 (PE; Biolegend) and CXCR3 (APC; Biolegend). TIL were washed and re-suspended in cell staining buffer (BioLegend). Cells were incubated for 30 min with the antibodies on ice, washed in buffer, and measured using MACSQuant flow cytometer (Miltenyi Biotech). Samples were analyzed using FlowJo software. (FlowJo LLC, Ashland, OR).

Primary prostate cancer cultures were stained with surface marker CD90 (clone F15-42-1, FITC, Abcam), HLA-A, B, C (PE-Cy7; BioLegend), HLA-DP, DQ, DR (PerCP; Biolegend), PDL-1 (PE; Biolegend), CD86 (FITC; Biolegend), CD80 (APC; Biolegend) and the following intracellular antibodies: Cytokeratin 5 (clone EP1601Y, Alexa Fluor® 488, Abacm), Cytokeratin 8 (clone EP1628Y, Alexa Fluor® 647, Abcam), PSMA (clone GCP-05, PE, Abcam), Androgen Receptor (clone ER179(2), Alexa Fluor® 594, Abacm), followed by fixation and permeabilization (eBioscience Intracellular Fixation & Permeabilization Buffer kit) according to manufacturing instructions and analyzed using FlowJo software.

Functionality {#S0002-S2005}
-------------

To determine functionality, 1x10e5 TIL were stimulated with 10 µg/ml MACS GMP CD3 pure antibody overnight and IFNγ levels were determined by ELISA according to the manufacturer's instructions (BioLegend, San Diego, CA). Measurements were performed in triplicates. To determine intracellular IFNγ levels 2x10e5 TIL were stimulated with 10 µg/ml MACS GMP CD3 pure antibody for 2 h and brefeldin A was added for an additional 2 h according to the manufacturer's instructions. Flow cytometry was performed by the addition of CD8 antibody (PE-Cy7 conjugated; Biolegend) followed by fixation and permeabilization (eBioscience Intracellular Fixation & Permeabilization Buffer kit) and addition of IFNγ antibody (APC conjugated; clone 4S.B3; Invitrogen). Samples were analyzed using FlowJo software. Measurements were performed in triplicates.

Anti-tumor reactivity {#S0002-S2006}
---------------------

1x10e5 TIL were co-cultured with primary prostate cancer cultures in 96-well plates for 18 h at different E:T ratio (as indicated). The anti-tumor reactivity of TIL was determined by IFNγ ELISA or CD137 and CD134 flow cytometry as described above. For CD107a expression, monensin (3μM) and brefeldin A (2μM) were added to each well after 1 h of co-culture. After 16 h cells were washed with staining buffer, and then surface stained with anti CD3 and anti-CD8 antibodies for 30 min. Following, fixation and permeabilization, the cells were stained with CD107a (FITC; BD) for 30 min, washed and analyzed using FlowJo software. For MHC I blocking experiments target cells were pre-treated with 20 μg/ml of anti-human HLA-A, B, C antibody (clone W6/32; Biolegend), 1 h before the addition of the TIL.

TCR analysis {#S0002-S2007}
------------

T cell clonality was analyzed by detection of TCR-γ gene rearrangement as described in the BIOMED-2 protocol[.^30^](#CIT0030) Briefly, DNA samples were extracted from four pre-REP cultures and their corresponding post-REP cultures. For each DNA sample, four sets of fluorescent-labeled primers for the forward V heavy chain (V9/2, Vfl, V11, and V10/2) were used. The PCR products were analyzed by Genescan analysis.

Statistical analysis {#S0002-S2008}
--------------------

Significance of variation between groups was evaluated using a non-parametric two-tailed Student's *t* test. Test for differences between proportions was performed using two-sided Fisher's exact test with p ≤ 0.05 considered significant.

Results {#S0003}
=======

Establishment of TIL from prostate cancer-derived tissues {#S0003-S2001}
---------------------------------------------------------

Primary prostate tumor specimens were obtained from eight patients following radical prostatectomy (patients' characteristics see **Supplementary Table S1**). The patients enrolled to this study were with high tumor burden (\>\~15 mm^3^) by sonography or MRI, as well as with grossly visible tumors. The average age of the patients was 68 years (range 61--79 years), the average Gleason score 7 and the average serum PSA level 6.2 ng/ml (range 1.4 ng/ml to 7.6 ng/ml). Six patients had acinar adenocarcinoma (PS-001 to 004 and PS-007-008), one patient ductal adenocarcinoma (PS-006) and one patient had mixed acinar and ductal adenocarcinoma (PS-005). Samples for TIL processing were obtained from 3 to 4 punches of different areas in the tumor. The size of each punch was only approximately 0.03 cm^[3](#CIT0003)^ **(Supplementary Fig. S1A)**. Each punch was named according to the location it was taken from (L = left, R = right, C = center, A = anterior). Sometimes more than one punch was taken from the same location (e.g. L1, L2) ([Table 1](#T0001)). The tissues were evaluated by a pathologist. Prostatic malignant epithelial cells were clearly identified by morphology and demonstrated focal lymphocyte infiltration in the resected tissues (**Supplementary Fig. S2)**. T and B cells were distinguished by immunohistochemistry (**Supplementary Fig. S3)**.10.1080/2162402X.2019.1672494-T0001Table 1.TIL isolation and expansion from prostate tumor punches.PatientPunchNo. of fragments initiatedNo. of fragments grown TILTotal no. of TIL per patient Left (L1)901.30E+05PS-001Left (L2)80 Right (R1)62 Right (R2)61 **Total 4293** Left (L1)651.01E+06PS-002Left (L2)65 Right (R1)66 Right (R2)66 **Total 42422** Left (L)501.80E+05PS-003Right (R)65 Center (C)30 Anterior (A)43 **Total 4188** Left (L)884.70E+05PS-004Right (R)86 Center (C)62 **Total 32216** Left (L)821.60E+05PS-005Right (R)81 Center (C)61 Anterior (A)60 **Total 4284** Left (L)1292.89E+06PS-006Right (R)86 Center (C)64 Anterior (A)88 **Total 43427** Left (L1)417.19E+06PS-007Left (L2)63 Right (R1)65 Right (R2)53 **Total 42112** Left (L1)872.91E+06PS-008Left (L2)65 Right (R1)66 Right (R2)51 **Total 42519Total31201111 (55%)** 

TIL establishment and expansion were performed with clinically compatible reagents under GMP conditions. Each of the 3 to 4 punch biopsies was cut into three to twelve 0.5--1 mm^3^ fragments, resulting in a total of 18 to 34 fragments per patient, and placed in complete media containing 3,000 IU/ml IL-2. TIL cultures were initiated in 24-well plates by transferring one fragment into one well. Within 2 to 4 weeks TIL outgrowth was observed from 111 of 201 (55%) initiated TIL cultures and from at least three fragments of each patient, demonstrating the feasibility to generate TIL from radical prostatectomy biopsies ([Table 1](#T0001)).

Altogether 1.3x10e5 -- 7.19x10e6 (average of 1.87x10e6 ± 2.45x10e6) TIL were established per patient within 2 to 4 weeks from three to four 0.03 cm^3^ small punches. In comparison, the average volume of melanoma specimens we typically received for clinical TIL production is about 250-times bigger (average volume 24 ± 50 cm^3^). A prostate biopsy of such a size could theoretically yield 3.8x10e8 ± 4.87x10e8 TIL, demonstrating the potential of prostate tumor-derived tissue as a source for TIL establishment.

The phenotype of eleven pre-REP TIL cultures derived from patients PS-007 and 008 were analyzed by flow cytometry. Pre-REP TIL analysis showed that the majority of the cells were CD3 + T cells (88 ± 5%, range 79%-96%) while only 4 ± 3% were CD56+ CD3-NK cells. The results of a detailed phenotype analysis, including CD4, CD8, PD-1, LAG-3, TIM-3, CD25, CD28 subsets, and differentiation status are shown in [Table 2](#T0002).10.1080/2162402X.2019.1672494-T0002Table 2.**Phenotypic analysis of pre-REP prostate-TIL**. Phenotype analysis of 11 pre-REP TIL cultures derived from two prostate cancer patients. Cells were gated on viable, singlet CD3 T cells. TN (naïve), CD3+CD45RA+CCR7+; TCM (central memory), CD3+CD45RA−CCR7+; TEM (effector memory), CD3+CD45RA−CCR7−; TEMRA (effector), CD3+CD45RA+CCR7−.TIL culture \#PatientCD56+\
CD3-CD3+CD8+\
CD3+CD4+\
CD3+PD1+\
CD3+PD1+\
CD8+PD1+\
CD4+LAG3+\
CD3+TIM-3+\
CD3+CD25+\
CD3+CD28+\
CD3+CD28+\
CD8+CD28+\
CD4+TNTCMTEMRATEM1PS-007 a7.491.99.091.014.20.713.536.059.325.493.58.185.43.129.91.165.92PS-007 b8.089.16.893.239.80.639.245.031.736.886.26.479.81.120.60.977.43PS-007 c8.390.816.383.718.12.016.233.232.431.884.311.872.40.26.21.792.04PS-007 d5.792.68.591.519.21.817.428.530.348.789.36.882.50.511.00.887.85PS-007 e4.390.46.393.767.51.366.211.529.422.395.211.184.14.935.81.657.76PS-007 f0.082.719.480.640.55.535.05.216.345.575.113.761.41.35.77.985.1** PS-007 Average5.689.611.088.933.22.031.326.633.235.187.39.677.61.818.22.377.7**7PS-008 a0.096.22.197.986.50.586.05.837.019.998.10.597.60.00.21.598.38PS-008 b1.479.330.070.066.915.351.626.929.243.558.113.344.81.714.210.673.59PS-008 c3.390.819.280.840.45.435.04.620.37.170.511.359.22.314.211.871.810PS-008 d0.082.134.965.131.94.627.311.841.813.125.64.121.50.82.041.455.811PS-008 e1.281.019.081.056.26.349.915.735.030.957.310.047.31.28.66.683.6** PS-008 Average1.285.921.079.056.46.450.012.932.722.961.97.854.11.27.814.476.6Average** **3.888.015.284.842.93.839.020.933.030.076.78.967.81.613.97.477.2S.D** **3.25.49.99.922.34.221.513.610.712.921.13.921.61.410.811.413.1**

In order to estimate the proliferative capacity of prostate-TIL, small-scale rapid expansion procedures (REP) were initiated with irradiated PBMC feeders, soluble anti-CD3 antibody and IL-2 Briefly, 28 TIL cultures obtained from single fragments or a pool of fragments (2 to 6 fragments from the same punch) were expanded for 14 to 15 days. Morphology of the prostate-derived TIL cultures **(Supplementary Fig. S1B)** was similar to the ones observed in TIL derived from melanoma biopsies (melanoma-TIL, n = 103, partly published in Besser MJ, et al.^[10](#CIT0010)^) and Non-Small Cell Lung Carcinoma biopsies (NSCLC-TIL, n = 15),[^15^](#CIT0015) which were obtained from patients previously treated in our center. Growth curves of 28 TIL cultures, derived from the eight patients, are shown in [Figure 1a](#F0001). TIL obtained from different areas of the same tumor demonstrated diverse fold expansion indicating the heterogeneity of the TIL ([Table 3](#T0003)). An average fold expansion of 475 ± 376 (range 35--1588) was achieved, which is lower compared with melanoma-TIL (1081 ± 493 fold, n = 103, *p* \< .001) and NSCLC-TIL (1121 ± 349, n = 15, *p* \< .001), but high enough to comply with ongoing clinical ACT trials, which demand a minimum cell number of 5x10e9 TIL (see NCT00287131, NCT02278887), which can be reached with an average of only 11x10e6 TIL at REP initiation.10.1080/2162402X.2019.1672494-T0003Table 3.Rapid expansion of prostate-TIL cultures. Twenty-eight TIL cultures from eight patients underwent small-scale rapid expansion procedure (REP). Cell numbers at initiation (REP day 0) and at completion (REP day 14/15) are shown.TIL culture No.PatientPunch/Frag.REP day 0 no. of cellsREP day 14/15 no. of cellsFold expansion1PS-001R2/F63.0E+041.32E+074402PS-002L/F2,51.6E+042.54E+0715883L/F3,47.0E+042.59E+073704PS-003R/F1-51.0E+052.47E+072475A/F1,3,48.0E+048.00E+061006PS-004L/F1-31.0E+059.10E+079107L/F7-85.0E+042.89E+075788R/F1-31.0E+052.10E+072109R/F43.0E+047.70E+0625710R/F7-85.0E+042.28E+0745611C/F23.0E+048.40E+0628012C/F53.0E+041.98E+0766013PS-005R/F33.00E+043.43E+0611414PS-006L/F7,10,124.0E+053.61E+079015R/F5,76.0E+041.45E+0724216C/F61.6E+059.30E+065817A/F5-81.5E+065.30E+073518PS-007R1/F25.0E+042.0E+0739519R1/F55.0E+044.1E+0781020R1/F3+47.5E+044.2E+0756021L2/F37.5E+044.0E+0753722L2/F41.0E+052.6E+0726123L2/F25.0E+042.1E+0741124PS-008L1/F3-41.2E+056.0E+0751325L1/F1-2, 5-6, 7-85.0E+042.5E+0750226L2/F62.5E+043.4E+07134427R1/F21.8E+055.1E+0728628R1/F1+55.0E+045.2E+071038**Average**   **2.9E+07475**SD   1.9E+07376 10.1080/2162402X.2019.1672494-F0001Figure 1.Expansion and phenotype analysis of TIL cultures from radical prostatectomy specimens. (A) Fold expansion during rapid expansion procedure (REP) of one or multiple TIL cultures obtained from patients PS-001-008. Frequency of CD3, CD4, and CD8 in 28 post-REP TIL cultures derived from PS-001-008 (B), and for each patient (C).

Despite the fact that sufficient cell numbers for therapy can be reached, we evaluated the possibility to perform a second round of REP (REP-2). Six TIL cultures were rapidly expanded an additional time and underwent a further expansion of 100-fold ± 68 **(Supplementary Table S2)**.

Prostate-TIL clonality was evaluated by comparing the TCR-γ rearrangement before and after REP. In general, the TCR analysis demonstrated that all the types of clonal expansion (poly, oligo, and mono-clonal) could be detected on pre-REP TIL, as well as on post-REP TIL. The specific changes for four pre and post-REP cultures are shown in **Supplementary Fig. S4** and summarized in **Supplementary Table S3**. We could not detect a preferential type of clonal expansion during REP.

Phenotypic analysis of prostate-TIL revealed general similarities in the characteristics compared with melanoma-TIL and NSCLC-TIL {#S0003-S2002}
---------------------------------------------------------------------------------------------------------------------------------

Twenty-eight post-REP TIL derived from eight patients cultures were analyzed for CD3, CD4, and CD8 expression. The average frequency was 95 ± 5% CD3 T cells, including 43 ± 26% (range 4--85%) CD8 T cells and 57 ± 26% (range 15--96%) CD4 T cells ([Figure 1b](#F0001)). The ratio of CD8:CD4 T cells for each patient is shown in [Figure 1c](#F0001). The CD8 frequency in post-REP prostate-TIL was similar to melanoma-TIL (59 ± 25%; n = 103; *p* = .092) and NSCLC-TIL (44 ± 30%; n = 15; *p* = .97) ([Table 4](#T0004)).10.1080/2162402X.2019.1672494-T0004Table 4.Phenotype analysis of post-REP TIL derived from prostate carcinoma, melanoma (Mel) and lung carcinoma. *ND, not determined.* Prostate TIL\
n = 28Mel TIL\
n = 103Lung TIL\
n = 15CD3+CD8+43 ± 26%59 ± 25%44 + 30%CD3+CD4+57 ± 26%41 ± 25%56 ± 30%PD1+CD3+47 ± 17%42 ± 25%57 ± 25%CD28+CD3+74 ± 18%58 ± 25%37 ± 19%CD45RA-CCR7--(TEM)80 ± 9%97 ± 3*ND*

All 28 post-REP prostate-TIL were further characterized for expression of inhibitory molecules (PD-1, LAG-3, TIM-3), co-stimulatory molecules (CD25, CD28) and differentiation markers (CD45RA, CCR7). Representative flow cytometric plots are shown in **Supplementary Fig. S5** and the data is summarized in [Table 5](#T0005). The average percentage of PD1 on CD3 T cells was 47 ± 17% with a distribution of 17 ± 15% on CD8 and 30 ± 17% on CD4 T cells. The percentage of PD-1 positive prostate-TIL was similar to melanoma-TIL (42 ± 25%, n = 103, *p* = .597) and NSCLC-TIL (57 ± 25%, n = 15; *p* = .393) ([Table 4](#T0004)). Noteworthy, 74 ± 18% (range 26--98%) of prostate-TIL expressed the co-stimulatory molecule CD28, which is comparable with melanoma-TIL (58 ± 25%, n = 103, *p* = .077), but significantly higher than the level detected on NSCLC-TIL (37 ± 19%, n = 15, *p* = .005). CD28+ expression was found on CD8 (26 ± 25%, range 2%-82%), as well as on CD4 (48 ± 25%, range 11--96%) prostate-TIL ([Table 5](#T0005)). In addition, 38 ± 25% (range 21--87%) of the cells expressed the activation marker CD25, which was mainly expressed on CD8 T cells (26 ± 28%). The differentiation status of TIL cultures was defined based on the expression of CD45RA in combination with CCR7. The majority of the T cells (80 ± 9%) were effector memory T cells (TEM, CD45RA-CCR7-), while 10 ± 4% were terminal effector memory (TEMRA, CD45RA+CCR7-) and 9 ± 7% central memory T cells (TCM, CD45RA-CCR7+). In comparison, melanoma-TIL differentiated almost exclusively to TEM following REP (97 ± 3%, n = 56; *p* \< .0001) ([Table 4](#T0004)).10.1080/2162402X.2019.1672494-T0005Table 5.**Phenotypic analysis of post-REP prostate-TIL**. Phenotype analysis of 28 post-REP TIL cultures derived from eight prostate cancer patients. Cells were gated on viable, singlet CD3 T cells. TN (naïve), CD3+CD45RA+CCR7+; TCM (central memory), CD3+CD45RA−CCR7+; TEM (effector memory), CD3+CD45RA−CCR7−; TEMRA (effector), CD3+CD45RA+CCR7−.                 TIL \#PatientCD8+\
CD3+CD4+\
CD3+CD3+\
PD1+PD1+\
CD8+PD1+\
CD4+LAG-3+\
CD3+TIM-3+\
CD3+CD25+\
CD3+CD28+\
CD3+CD28+\
CD8+CD28+\
CD4+TNTCMTEMRATEM1**PS-00174.825.224.718.95.832.858.978.790.265.624.60.82.611.185.6**2PS-002 a50.050.023.611.911.727.875.053.587.042.144.93.514.85.376.43PS-002 b84.715.321.418.23.231.884.386.692.681.710.90.53.420.375.7 **PS-002 Avg.67.432.722.515.17.429.879.770.189.861.927.92.09.112.876.1**4PS-003 a83.116.974.261.113.131.427.878.026.315.510.80.47.11.291.35PS-003 b64.935.170.438.232.214.619.712.764.141.022.46.137.05.951.0 **PS-003 Avg.74.026.072.349.722.723.023.845.345.228.316.63.222.13.571.2**6PS-004 a38.861.266.726.839.917.619.042.862.413.449.00.97.511.080.67PS-004 b18.082.074.914.860.17.822.121.065.84.461.40.55.13.491.08PS-004 c59.240.847.723.823.922.635.13.848.624.024.66.821.823.847.69PS-004 d53.346.752.523.429.118.111.39.281.939.242.72.220.116.960.910PS-004 e22.677.430.012.417.610.26.43.943.43.340.11.310.129.359.211PS-005 f26.074.063.515.647.924.033.220.972.37.964.40.39.94.984.812PS-004 g13.186.941.75.436.315.19.912.656.54.851.70.65.79.684.2 **PS-004 Avg.33.067.053.917.536.416.519.616.361.613.947.71.811.414.172.6**13**PS-00522.977.151.04.646.414.88.515.259.02.656.41.313.211.673.9**14PS-006 a56.743.358.535.622.910.625.059.671.235.236.02.95.526.065.615PS-006 b38.861.217.45.412.014.915.914.381.925.056.95.817.015.961.316PS-006 c16.983.154.62.652.041.347.519.667.78.858.91.55.35.188.217PS-006 d33.966.144.75.439.319.923.113.153.29.144.11.913.44.180.6 **PS-006 Avg.36.663.443.812.231.621.727.926.668.519.549.03.010.312.873.9**18PS-007 a9.890.335.92.133.810.482.942.796.17.089.10.40.41.198.219PS-007 b10.589.519.01.517.56.069.930.195.47.488.00.10.23.196.620PS-007 c20.479.648.16.241.98.582.139.489.912.477.50.10.33.296.421PS-007 d9.690.441.83.038.823.285.858.992.35.686.70.50.50.698.322PS-007 e3.796.388.72.186.623.882.045.198.52.496.10.32.27.190.423PS-007 f13.986.140.15.434.72.931.710.192.39.383.00.10.56.293.2 **PS-007 Avg.11.388.745.63.442.212.572.437.794.17.486.70.20.73.695.5**24PS-008 a8.491.694.46.288.29.433.512.694.73.691.10.10.41.797.925PS-008 b20.080.048.811.637.23.125.211.290.811.579.30.10.34.395.326PS-008 c20.080.034.47.726.75.340.112.588.510.877.70.00.39.390.427PS-008 d32.967.163.619.444.28.333.419.777.214.163.10.10.914.284.828PS-008 e40.060.061.113.647.510.831.617.172.210.159.40.10.226.273.5 **PS-008 Avg.24.375.760.511.748.87.432.814.684.710.074.10.10.411.188.4** **Patients\' Avg.43.856.246.816.630.219.840.438.173.626.147.41.68.710.179.6 SD26.626.616.914.516.78.726.325.118.024.524.51.27.44.29.0**

In-vitro establishment of primary prostate cancer cultures {#S0003-S2003}
----------------------------------------------------------

The establishment of primary prostate cancer (PCa) cultures is considered technically challenging. Most of the existing prostate cancer lines were obtained from prostate tumor metastases, while only a few reports have shown the success of growing cultures from primary prostate cancer.^[31](#CIT0031)-[33](#CIT0033)^

From patient PS-002 onwards, we tried to establish primary prostate cancer cultures. Of 172 initiated fragments, we observed an adherent monolayer of outgrowing cells with typical morphological characteristics of epithelial cells in 85 fragments (49%) (**Supplementary Fig. S6**). Interestingly, 55 of 85 (64%) epithelial cell containing cultures gave also rise to TIL **(Supplementary Table S4)**. Primary prostate cancer cultures were grown with keratinocyte serum-free medium (KSFM) supplemented with epidermal growth factor (EGF) and bovine pituitary extract (BPE) combined with poly-D-lysine or collagen type I coated plates. Prostate cancer cultures were established from seven of seven patients (PS-002-008). The tumor cells grew for 3 to 4 passages. Phenotype characterization of the cells showed the absence of the fibroblasts marker CD90 and high expression of the epithelial markers cytokeratin 5 (CK5, basal marker, 81%) and cytokeratin 8 (CK8, luminal marker, 91%). In most PCa cultures, CK5 and CK8 were co-expressed (above 80%) indicating an intermediate phenotype[.^30^](#CIT0030) Prostatic origin was verified by the expression of prostate-specific membrane antigen (PSMA) and androgen receptor (AR). Representative flow cytometric plots are illustrated in [Figure 2a](#F0002) and data summarized for all patients in [Figure 2b--d](#F0002). Due to the presence of tumor cells in the resected tissues **(Supplementary Fig. S2)**, one can assume that the obtained cultures are carcinoma cells. High CK5 and CK8 expressions were described as markers of malignant cells^[28](#CIT0028),[34](#CIT0034),[35](#CIT0035)^ although no specific markers exists, which definitively distinguish between tumor cells and non-tumor prostate epithelium.10.1080/2162402X.2019.1672494-F0002Figure 2.Characterization of primary prostate cancer cultures (PCa). (A) Representative FACS graphs (PS-006) of epithelial markers cytokeratin 5 (CK5) and 8 (CK8), prostate-specific membrane antigen (PSMA), androgen receptor (AR) and the fibroblast surface marker CD90. Fibroblast cells and unstained sample of PS-006 served as controls. (B--D): Average expression of CK5, CK8, and CD90 (B), PSMA (C) and AR (D) in six patients (PS-002-006 and PS-008). (E) Representative FACS histogram plots (PS-008) of HLA-ABC, HLA-DP, DQ, DR, PD-L1, CD80 and CD86. Unstained samples served as control. (F,G): Average expression of HLA class 1 and class 2 (F) and PD-L1, CD80 and CD86 (G) in PCa cultures (n = 3) and melanoma cultures (n = 4).

Three PCa cultures derived from patients PS-002 and 008 were further analyzed for expression of human leukocyte antigen (HLA) class 1 and class 2, the co-stimulatory ligands CD80 and CD86 and the co-inhibitor ligand PD-L1 ([Figure 2e--g](#F0002)). HLA-A, B, C was highly expressed on all cultures, while HLA-DP, DQ, DR expression was lower, but comparable to HLA-DP, DQ, DR expression on melanoma cultures (n = 4, *p* = .075) ([Figure 2f](#F0002)).

Prostate-derived-TIL are functional and anti-tumor reactive {#S0003-S2004}
-----------------------------------------------------------

Functionality of post-REP TIL was evaluated by stimulating TIL with an anti-CD3 antibody followed by IFNγ ELISA. Twelve cell cultures, derived from six patients, were analyzed and the average secretion of IFNγ was 45,571 ± 22,896 pg/ml (range 13,703--86,372 pg/ml) ([Figure 3a](#F0003)), demonstrating that all analyzed TIL cultures were functional and could secret very high levels of IFNγ. For comparison, we measured a NSCLC-TIL culture, which secreted 28,273 pg/ml. Intracellular FACS analysis of IFNγ following anti-CD3 stimulation showed that a high fraction of the T cells had the ability to secrete IFNγ (57% ± 18, range 29%-76) including CD8 (30 ± 17%, range 8%-64%) and CD4 (27 ± 16%, range 6%-57%) ([Figure 3b,c](#F0003)). After confirming TIL functionality, TIL anti-tumor-activity was assessed. The ability to grow TIL, as well as autologous primary prostate cancer cultures from seven patients (PS 002 to 008), enabled us to test TIL for specific tumor recognition. In three patients (PS-003, PS-004, and PS-008) we were able to grow two autologous primary prostate cancer cultures and TIL were tested against both targets. TIL and tumor target cells were co-cultured for 18 h in 96-well plates, supernatants collected and IFNγ levels determined by ELISA. Most clinical ACT protocols demand a minimum secretion of 200 pg/ml IFNγ and at least twice as much as background (TIL only or co-culture of TIL with HLA-mismatched primary PCa cultures of a different patient)[.^36^](#CIT0036) TIL derived from five of the seven patients (PS-002, 003, 004, 006 and PS-008) demonstrated specific IFNγ secretion when co-cultured with autologous tumor compared with TIL only ([Table 6](#T0006), [Figure 4a](#F0004)). We could observe that different TIL cultures of the same patient had different anti-tumor reactivity, e.g. one TIL culture of patients PS-002, PS-003 and PS-008 met the IFNγ criteria and the other one did not ([Table 6](#T0006)). IFNγ secretion of TIL PS-008a was evaluated pre and post REP ([Figure 4b](#F0004)). Although TIL PS-008a secreted more IFNγ pre-REP (791 pg/ml) compared with post-REP (281 pg/ml), also the background ("TIL only") was higher pre REP (442 pg/ml) compared with post-REP (131 pg/ml). Adding MHC-class I blocking antibody to the co-culture of post-REP TIL PS-008a reduced the IFNγ secretion to background level (136 pg/ml) ([Figure 4b](#F0004)).10.1080/2162402X.2019.1672494-T0006Table 6.**IFN-γ secretion (pg/ml) after co-culture of TIL with autologous PCa tumors**. Individual TIL cultures from the same patients are named "a" or "b" and different PCa from the same patient target 1 or 2. Values in bold indicate specific anti-tumor reactivity, defined as IFNγ secretion of at least 200 pg/ml and at least twice the value of TIL only. Co-cultures were performed at an E:T ratio of 4:1 (PS-002, 006, 008) or 10:1 (PS-003, 004, 005, 007) 10:1. *N/A, not available*     TILTIL onlyTIL + target 1TIL + target 2At least one reactive TILPS-002 a69**[479]{.ul}***N/A***Yes**PS-002 b\<16\<16*N/A* PS-003 a267**[1677]{.ul}[4547]{.ul}Yes** PS-003 b356324*N/A* PS-004 a184**[585]{.ul}[743]{.ul}Yes** PS-004 b98**[587]{.ul}[232]{.ul}** PS-005\<16\<16*N/A***No** PS-006361651**[772]{.ul}Yes** PS-007 a\<16\<16*N/A***No** PS-007 b\<16\<16*N/A* PS-008 a131**[615]{.ul}[281]{.ul}Yes** PS-008 b9615628        10.1080/2162402X.2019.1672494-F0003Figure 3.Prostate TIL functionality. (A) 12 TIL cultures from six PCa patients were stimulated overnight with the anti-CD3 antibody OKT-3 (10 µg/ml) and IFNγ secretion (pg/ml) was measured by ELISA and compared to non-stimulated TIL. (B--C) Frequency of IFNγ producing prostate-TIL reactivity measured by intracellular IFNγ flow cytometry after OKT-3 stimulation. (B) Representative FACS plots (PS-002 and PS-006), (C) Frequency of IFNγ producing cells within CD3, CD8 and CD4 T cells subsets (n = 11).10.1080/2162402X.2019.1672494-F0004Figure 4.Anti-tumor reactivity of post-REP prostate TIL. Anti-tumor reactivity measured after co-culture with PCa cultures as target. (A) Two TIL cultures of patient PS-004 were co-cultured with two different autologous PCa cultures (Target 1 and 2), HLA-mismatched PCa cultures from PS-006 ("HLA-mismatched target") or without exposure to tumor cells (TIL only). IFNγ secretion (pg/ml) was measured by ELISA. Error bars represent the standard deviation of triplicate repetitions. (B) IFNγ secretion (pg/ml) after co-culture of pre-REP and post-REP TIL of PS-008 with autologous PCa with or without the addition of anti-MHC class 1 blocking antibody. (C) Representative FACS analysis of 4-1BB, OX-40 and CD107a for TIL only and after co-culture with autologous PCa target cells. (D) Average expression of 4-1BB and OX40 on CD8 or CD4 after co-culture (n = 7).

Noteworthy, in five out of seven (71%) patients we could generate at least one TIL culture that demonstrated specific anti-tumor reactivity after expansion, making these patients theoretically eligible for TIL ACT ([Table 6](#T0006)).

Anti-tumor reactivity was further confirmed by induced expression of the co-stimulatory receptors CD137 (4-1BB) and CD134 (OX40), as well as CD107a, known to be upregulated upon specific T cell activation ([Figure 4c](#F0004)). 4-1BB and OX40 expression were upregulated following co-culture compared with "TIL only" on CD8 (41BB, 9 ± 6% *vs* 3 ± 2%; OX40, 9 ± 6% *vs* 4 ± 3%, n = 7) as well as on CD4 T cells (4-1BB, 12 ± 13% *vs* 5 ± 6%; OX40, 28 ± 11% *vs* 14 ± 10%; n = 7) ([Figure 4d](#F0004)).

Chemokine profiling of prostate-TIL {#S0003-S2005}
-----------------------------------

In order to mediate an effective immune response trafficking of TIL to the tumor site is of high importance. Therefore, we analyzed the expression of six chemokine receptors (CCR2, CCR4, CCR5, CCR7, CXCR2, CXCR3) on 15 post-REP TIL cultures derived from all eight patients. [Figure 5b](#F0005) demonstrates high expression of CCR2 and CXCR3, moderate expression of CCR4 and CCR5 and low expression of CCR7 and CXCR2. The chemokine receptors were expressed on CD8 as well as on CD4 cells ([Figure 5c](#F0005)). We further compared the chemokine receptor profile of two post-REP TIL to their pre-REP TIL cultures and found a similar distribution of the receptors, with the exception of CCR5 which was low on pre-REP TIL ([Figure 5d](#F0005)).10.1080/2162402X.2019.1672494-F0005Figure 5.Chemokine profiling of prostate-TIL. (A) Representative dot plots of PS-008. Average expression of chemokine receptors on CD3 positive post-REP TIL (B) and CD4 or CD8 T cells (n = 15) (C). Comparison of two post-REP and pre-REP TIL of PS-007 (D).

TIL isolated from TRUS-Bx {#S0003-S2006}
-------------------------

Next, we tested whether TIL could even be isolated from transrectal ultrasound--guided prostate biopsies (TRUS-Bx). The TRUS-biopsies were approximately 1.3 mm in diameter and 12 mm in length, even smaller than the punch biopsies. Two TRUS-biopsies each were obtained from seven patients (Pbx-001-007). The two biopsies were cut into 4--12 small fragments, 0.5--1 mm,[^3^](#CIT0003) and plated, as described before, with complete media and IL-2 in 24-well plates. Despite the extremely small tissue size, TIL outgrowth was observed in two of the seven patients (Pbx-001 and Pbx-006). Pbx-001 reached a total cell number of 2.6x10e6 on day 40 and Pbx-006 a total cell number of 8x10e4 on day 27. Cells were collected, further expanded in a small-scale rapid expansion procedure and achieved a fold expansion of 523-fold and 760-fold, respectively **(Supplementary Fig. S7A** and **S7B)**. The average frequency of CD3 T cells was 95 ± 2%, including 52 ± 11% CD8 T cells and 48 ± 11% CD4 T cells. The average percentage of PD1 on CD3 T cells was 38 ± 5% and for CD28 70 ± 30%. FACS analysis performed on post-REP TRUS-biopsies derived-TIL showed similar results compared with punch-biopsy derived-TIL **(Supplementary Fig. S7C-E)**. Also, TRUS-biopsies derived-TIL demonstrated functionality, assessed by OKT-3 stimulation followed by measurement of IFNγ secretion by ELISA **(Supplementary Fig. S7F**).

Discussion {#S0004}
==========

Advanced PCa patients have a poor prognosis and lack curable treatment options, underlining the need to design novel therapeutic strategies. The main objective of the current study was to examine the feasibility of generating TIL cultures from patients with prostate cancer and assess their functionality and anti-tumor reactivity. In the last years, several studies demonstrated the successful establishment of TIL cultures from multiple tumor types including melanoma, lung, breast, pancreatic, renal and bladder cancer,^[9](#CIT0009),[15](#CIT0015),[36](#CIT0036)-[41](#CIT0041)^ but not prostate cancer, maybe because it is often considered to be a cold tumor, with only little T cell infiltration.^[7](#CIT0007),[8](#CIT0008),[34](#CIT0034)^ In addition, previous works described the prostate microenvironment as immunosuppressive, infiltrated by suppressor cells, such as regulatory T cells and myeloid-derived suppressor cells.^[16](#CIT0016),[17](#CIT0017)^ Also, stromal cells may contribute to T cells dysfunction, as evidenced in a pancreatic cancer model[.^42^](#CIT0042)

Only a few studies have reported the presence of TIL in the prostate gland.^[16](#CIT0016),[21](#CIT0021)-[24](#CIT0024)^ However, to the best of our knowledge, TIL were never isolated and expanded under conditions suitable for adoptive cell therapy.

To test if TIL can be established from prostate specimens under GMP conditions, we obtained tumor tissue samples from prostatic cancer patients with high tumor burden. Since this study describes the pre-clinical development of TIL ACT, only PCa patients undergoing resection for clinical indications could be included in this study. Primary tumor tissues were therefore obtained by punch biopsies following radical prostatectomy or transrectal ultrasound--guided prostate biopsies.

Despite the extremely small biopsy size of only 0.03 cm^3^ per punch, we were able to isolate TIL from 55% (111 of 201) initiated tumor fragments. 1.3x10e5 -- 7.2x10e6 TIL were obtained from each patient.

To be of clinical relevance, larger amount of starting material is an indispensable parameter. In comparison, the average biopsy size obtained from 105 metastatic melanoma patients, previously treated with TIL ACT at our center, was 24 cm.^3^ Despite this constraint, we were able to isolate TIL for all eight PCa patients, showing the potential of this tumor type to be a candidate for TIL therapy with the appropriate amount of tissue.

TIL from all patients were successfully expanded in a 2-weeks rapid expansion procedure with an average fold expansion of 475, demonstrating the proliferative potential of prostate-TIL. Expanded TIL were functional, demonstrated by their high release of IFNγ upon nonspecific (OKT-3) stimulation. The average frequency of expanded TIL cultures showed a ratio of 43% CD8 to 57% CD4 T cells. Prostate-TIL revealed in general a similar phenotype in comparison with melanoma-TIL and NSCLC-TIL, regarding CD8:CD4 ratio and the expression of PD-1. CD28 expression was also similar to melanoma-TIL, but significantly higher than levels measured in NSCLC-TIL. Prostate-TIL were mostly (80%) effector memory T cells (TEM), while melanoma-TIL revealed an almost exclusive TEM phenotype (97%).

Following the establishment of low passage prostate cell lines, the anti-tumor reactivity of TIL was examined. TIL from five out of seven patients demonstrated anti-tumor reactivity against autologous tumors, measured by IFNγ secretion and upregulation of the co-stimulatory molecules CD137 and CD134. These results demonstrate the existence of anti-tumor reactive TIL recognizing autologous prostate tumor cells. Importantly, TIL maintained their reactivity after ex vivo expansion, which is a critical parameter for a potential ACT treatment.

In order to achieve a successful anti-tumor immune response migration and infiltration of T cells following adoptive transfer to the tumor tissue is a critical step. The interaction between chemokine receptors on T cells and tumor-secreted chemokines has been shown to influence trafficking of T cells into the tumor microenvironment.^[43](#CIT0043),[44](#CIT0044)^ Our analysis showed that several chemokine receptors were abundantly expressed on post-REP TIL including CCR5 and CXCR3, recently reported to correlate with better outcome of ACT therapy[.^45^](#CIT0045)

The ability to grow TIL along with autologous tumor cultures provides a platform to investigate the existence of TIL against tumor-specific mutation, as a potential strategy for the future development of a personalized based vaccine or ACT with T cells targeting mutation-derived neo-antigens. In addition, this platform may be useful to identify T cells with reactivity against prostate cancer-associated antigens, such as PSA.

In conclusion: Previous studies described the presence of nonfunctional TIL in PCa patients and the inability to stimulate them.^[6](#CIT0006),[24](#CIT0024),[26](#CIT0026)^ However, our data demonstrates that isolated prostate-TIL can be expanded and re-activated. These TIL were functional and anti-tumor specific. This data provides the rational to develop TIL ACT for prostate cancer patients.
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